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FOREWORD 

This  r e p o r t  was prepared by Arthur  D ,  L i t t l e ,  I nc . ,  Cambridge, Massachuset ts  
under USBM Cont rac t  No. H0122026, The c o n t r a c t  was i n i t i a t e d  under  t h e  
Coal Mine Hea l th  and Sa fe ty  Research Program. It was adminis te red  under 
t h e  t e c h n i c a l  d i r e c t i o n  of  t h e  P i t t s b u r g h  Mining and Sa fe ty  Research Cente r  
w i th  M r ,  Howard E.  Parkinson a c t i n g  a s  t h e  t e c h n i c a l  p r o j e c t  o f f i c e r .  
M r .  F r anc i s  M. Naughton was t h e  c o n t r a c t  a d m i n i s t r a t o r  f o r  t h e  Bureau of  
Mines . 
This r e p o r t  is  a  summary of  t h e  work r e c e n t l y  completed a s  p a r t  of  t h i s  
c o n t r a c t  du r ing  t h e  pe r iod  August 1971 t o  December 1973. This  r e p o r t  was 
submit ted by t h e  au tho r s  i n  January 1974. 
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INTRODUCTION 

This f i n a l  r epor t  documents t h e  work done by Arthur D. L i t t l e ,  Inc .  (ADL) 
on behalf  of t h e  U.S. Bureau of Mines, P i t t sburgh  Mining and Safe ty  Research 
Center (PMSRC) , on Contract H0122026 (which began i n  August of 19 71) . 
Under t h i s  con t r ac t  ADL provided t echn ica l  a s s i s t a n c e  t o  t h e  Bureau on a 
t a s k  b a s i s  on v i r t u a l l y  a l l  a spec t s  of t h e  ~ u r e a u ' s  programs r e l a t e d  t o  
present  and planned emergency and ope ra t iona l  communications and miner 
l o c a t i o n  systems f o r  underground coa l  mines. The work cons is ted  of in- 
dependent i n v e s t i g a t i o n s ,  ana lyses ,  experiments,  breadboard and prototype 
hardware development, workshops and technology t r a n s f e r  seminars on mine 
communications, and on-going evalua t ions  and guidance r e l a t e d  t o  t h e  
~ u r e a u ' s  cont rac ted  programs on electromagnetic  no i se ,  mine communica- 
t i o n s  systems, and t rapped miner l o c a t i o n .  This f i n a l  r e p o r t  documents 
t h e  work i n  two volumes, Volume I ,  "Emergency and Opera t ional  Mine Commun- 
i c a t i o n s , "  and Volume 11, "seismic Detection and,Location of I s o l a t e d  Miners." 
The Tables of Contents of both Volumes a r e  included i n  each Volume. 

Phase I of the  con t rac t  was devoted t o  performing an in-depth assessment 
of electromagnetic  n o i s e  measurements taken by s e v e r a l  con t r ac to r s  and 
o t h e r  i n v e s t i g a t o r s ,  and then de f in ing  a new no i se  measurement program 
and ins t rumenta t ion  system t a i l o r e d  t o  ob ta in  t h e  necessary bu t  missing 
no i se  da ta .  These d a t a  a r e  requi red  f o r  use i n  t h e  design of new emergency 
and ope ra t iona l  communication systems. This work, and t h e  follow-on 
coordinat ion and guidance a c t i v i t i e s  of ADL on t h i s  no i se  measurement 
program i n  subsequent phases of t he  c o n t r a c t ,  a r e  t r e a t e d  i n  P a r t  One of 
Volume I. 

The l a t t e r  p a r t  of  Phase I and p a r t  of Phase I1 included prel iminary per- 
formance p red ic t ions  r e l a t e d  t o  through-the-earth electromagnetic  com- 
munication systems. These p red ic t ions  were based on a v a i l a b l e  t h e o r e t i c a l  
s i g n a l  propagation r e s u l t s  and on r ecen t ly  acquired no i se  d a t a  a t  s e v e r a l  
coa l  mines. This work i s  t r e a t e d  i n  P a r t  Two of Volume I .  

I n  Phases 11, I V  and V ,  i n v e s t i g a t i o n s  were conducted r e l a t e d  t o  wi re ,  
guided-wireless and w i r e l e s s  communications systems f o r  communicating 
with roving veh ic l e s  and personnel  underground. This work i s  documented 
a s  fol lows.  P a r t  Three of Volume I t r e a t s  guided w i r e l e s s  communications 
v i a  leaky coax ia l  cable ;  P a r t  Four t r e a t s  w i r e l e s s  communications i n  mine 
tunnels  a t  UHF f requencies ;  P a r t  Five t r e a t s  guided w i r e l e s s  communications 
down deep h o i s t  s h a f t s ;  P a r t  S i x  t r e a t s  a spec t s  of t r o l l e y  wi re  communica- 
t i o n s ;  and P a r t  Seven t r e a t s  a new mine pager telephone t o  pub l i c  telephone 
in terconnect  system. 
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Another a spec t  of Phase V inc luded  t a s k s  f o r  p rov id ing  a s s i s t a n c e  r e l a t e d  
t o  technology t r a n s f e r  seminars on mine c o m u n i c a t i o n s  and t o  a workshop 
on through-the-earth e lec t romagnet ics .  P a r t  E igh t  of Volume I t r e a t s  
t h i s  work. Under Phases 11, I V ,  and V ,  ADL a l s o  provided a wide v a r i e t y  
of  short - term t e c h n i c a l  suppor t  and consu l t i ng  s e r v i c e s  n o t  d i scussed  i n  
t h e  above mentioned P a r t s .  This  short - term work i s  t r e a t e d  i n  P a r t  Nine 
of  Volume I. 

I n  Phase 111 of t h e  c o n t r a c t ,  ADL performed another  in-depth assessment 
on a compressed t ime schedule ,  t o  provide PMSRC wi th  independent tech-  
n i c a l  judgments regard ing  t h e  p o t e n t i a l s  and l i m i t a t i o n s  of  s e i smic  
methods and systems f o r  d e t e c t i n g  and l o c a t i n g  i s o l a t e d  miners .  Volume I1 
of  t h i s  r e p o r t  is  devoted e n t i r e l y  t o  t h e  t rea tment  of  t h i s  work. 

During t h e  course  of  t h i s  c o n t r a c t  w e  prepared over  f o r t y  working mem- 
oranda,  t e c h n i c a l  r e p o r t s ,  seminar papers ,  and workshop summary r e p o r t s ,  
i n  a d d i t i o n  t o  many in formal  memoranda and t h e  monthly t e c h n i c a l  r e p o r t s ,  
t o  keep PMSRC informed of t h e  p rog re s s  and f i n d i n g s  of our  work a s  they  
developed. This  f i n a l  r e p o r t  i s  based on t h e s e  previous memoranda and 
r e p o r t s .  
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PART ONE 

EXECUTIVE SUMMARY 

Arthur D. L i t t l e ,  Inc.  

I. PURPOSE AND APPROACH 

This  Volume documents the  Phase 111 e f f o r t  on t h e  Seismic Detect ion 

and Location of I s o l a t e d  Miners on Contract H0122026 undertaken during 

the  f a l l  of 1972 by a t a s k  team composed of ADL s t a f f  and s e v e r a l  se ismic  

consul tan ts .  The team was assembled s p e c i f i c a l l y  t o  work toge the r  on 

complementary t a s k s ,  a t  an acce le ra t ed  l e v e l  of e f f o r t  f o r  fou r  months, 

t o  meet t h e  Bureau of ~ i n e s '  time schedule f o r  obta in ing  independent,  

ob jec t ive ,  t e c h n i c a l  judgments regarding se ismic  methods and systems f o r  

d e t e c t i n g  and l o c a t i n g  i s o l a t e d  miners.  The impetus f o r  t h i s  work re- 

s u l t e d  from a compilation and a n a l y s i s ,  during the  f i r s t  h a l f  of 1972, 

of new experimental  d a t a  obtained from a s e r i e s  of  in-mine f i e l d  t e s t s  

conducted by Westinghouse Corp .+ using t h e  CMRSS* i n t e r i m  se ismic  l o c a t i o n  

system. The Bureau of Mines took advantage of t h e  a v a i l a b i l i t y  of t hese  

new d a t a  t o  r eas ses s  t h e  p o t e n t i a l  and l i m i t a t i o n s  of var ious  se ismic  

methods and systems, and t o  d i r e c t  i t s  se ismic  system improvement program 

accordingly.  

ADL a s s i s t e d  the  Bureau i n  t h i s  reassessment by drawing on t h e  s k i l l s  

of se ismic  consu l t an t s  from indus t ry ,  u n i v e r s i t i e s  and government, t o  

supplement the  s k i l l s  of t he  ADL p r o j e c t  team. The consu l t an t s  were prin- 

c i p a l  resources  of broadly-based and d e t a i l e d  t echn ica l  e x p e r t i s e  i n  t h e  

a reas  of se ismic  s ignal-source and signal-propagat ion c h a r a c t e r i s t i c s ,  

n a t u r a l  and c u l t u r a l  se ismic  no i se ,  se i smic  sensors  and f i e l d  instrument- 

a t i o n ,  se ismic  s i g n a l  and d a t a  processing f o r  de t ec t ion  and loca t ion ,  and 

o v e r a l l  se i smic  system u t i l i z a t i o n  i n  t h e  f i e l d  under ope ra t iona l  emergency 

condi t ions .  S p e c i f i c a l l y ,  t h e  p a r t i c i p a t i n g  consu l t an t s  were: F. Crowley, 

Air Force Cambridge Research Labora tor ies  ; W. Dean, Teledyne Geotech, 

Alexandria Labora tor ies ;  R. Greenfield,  Pennsylvania S t a t e  Univers i ty ;  

J. Kuo, Columbia Univers i ty ;  D. Pe t e r s  and R. Crosson, Univers i ty  of 

Washington; and F. P i l o t t e ,  U.S. VELA Seismological Center.  The p r i n c i p a l  

ADL p a r t i c i p a n t s  were J .  Ginty, R. Lagace, M. Roet te r ,  and R. Spencer. 

Westinghouae Contract H0210063 wi th  t h e  Bureau of Mines. 
* Coal Mine Rescue and Surviva l  System, 
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Guidance and a s s i s t a n c e  r e l a t e d  t o  t h e  gene ra l  s u i t a b i l i t y  and app l i c -  

a b i l i t y  of recommended techniques and procedures t o  a c t u a l  mine environ- 

ments were provided by H. Parkinson and J.  Powell of U.S. Bureau o f  Mines 

P i t t sbu rgh  Mining and Safe ty  Research Center .  

The o v e r a l l  o b j e c t i v e  of t h e  Phase I11 e f f o r t  was t o  perform a s h o r t  

i n t e n s i v e  s tudy  t o  i d e n t i f y  what could be  done by se i smic  methods and 

systems,  and how w e l l ,  t o :  

d e t e c t  l i v e  s i g n a l i n g  miners 

l o c a t e  such miners t o  w i th in  t h e  confines  of a 
600-by-600 foo t  s e c t i o n ;  and 

a l o c a t e  such miners t o  w i t h i n  a 15-foot e n t r y  width.  

Both gene ra l  and s p e c i f i c  ground r u l e s  were e s t a b l i s h e d ,  w i th  t h e  a s s i s -  

t ance  of t h e  Bureau, t o  focus t h e  s tudy  on t h e  primary and fundamental 

a spec t s  of t h e  miner d e t e c t i o n / l o c a t i o n  problem. The gene ra l  ground 

r u l e s  a r e  l i s t e d  i n  Table  1 below f o r  convenient r e f e r ence .  The s p e c i f i c  

ground r u l e s  r e l a t e d  t o  t h e  miner and h i s  s i g n a l ,  t h e  s i g n a l  t ransmiss ion  

path and n o i s e  environment,  and t h e  s i g n a l  d e t e c t i o n / l o c a t i o n  a c t i v i t y  

on t h e  s u r f a c e ,  a r e  given i n  P a r t  Twelve of t h i s  Volume. 

Table 1 

SEISMIC DETECTION AND LOCATION SYSTEM 

General Ground Rules 

. System hardware f i e l d  s u i t a b l e  and r a p i d l y  deployable .  

. System cons t r a ined  t o  p r e s e n t  s ta te -of - the-ar t  techniques 
and hardware. 

. System ope ra t i on  from t h e  s u r f a c e .  

. System se l f -conta ined  i n  i t s  ope ra t i on  and c a l i b r a t i o n .  . System capable  of producing t imely  l o c a t i o n  e s t ima te s .  

. System ope ra t i on  compatible w i th  and complementary t o  o v e r a l l  
rescue  e f f o r t .  

. Signa l  sources  r e a d i l y  a v a i l a b l e  and reasonable  - no s p e c i a l  
dev ices  c a r r i e d  by t h e  miners.  

. No wide-area s ea rch  r equ i r ed  by t h e  s u r f a c e  team - l i k e l y  a r e a s  
f o r  t rapped  miners given.  

. Surface  team w i l l  have b e n e f i t  of mine maps. 
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S p e c i f i c  t a s k  a r e a s ,  inc luding  output  ob jec t ives  and corresponding 

inpu t  components, were a l s o  def ined ,  a s  ou t l ined  i n  Table 2 ,  and assigned 

t o  t h e  s tudy p a r t i c i p a n t s .  These ground r u l e s  and t a s k s  allowed t h e  

p r o j e c t  team t o :  

. o b t a i n  "best" e s t ima tes ,  based on a v a i l a b l e  d a t a ,  of t h e  
a b i l i t y  t o  d e t e c t  and l o c a t e  miners trapped beneath r e a l  
mine overburdens; 

. def ine  t h e  requirements imposed on t h e  su r face  se ismic  
system by ope ra t iona l  f i e l d  condi t ions  f o r  success fu l ly  
executing t h e  d e t e c t i o n  and l o c a t i o n  opera t ions ;  

. a s s e s s  how t h e  above es t imates  a r e  ia f luenced  by system 
complexity and c o s t ;  and 

. determine what is  s t i l l  needed i n  terms of b a s i c  d a t a ,  
ana lyses ,  and experiments t o  improve and/or v e r i f y  these  
e s t ima tes .  

P a r t s  Two through S ix  of t h i s  Volume address  i n  d e t a i l  t h e  major 

output  ob jec t ives  of de t ec t ion ,  a r r i v a l  time es t imat ion ,  l o c a t i o n ,  and 

f i e l d  u t i l i z a t i o n .  S imi l a r ly ,  P a r t s  Seven through Eleven t r e a t  t h e  in-  

put  components -- seismic s i g n a l  source and transmission c h a r a c t e r i s t i c s ,  

e a r t h  models, seismic no i se ,  s ignal- to-noise improvement techniques,  and 

seismic d e t e c t i o n / l o c a t i o n  ins t rumenta t ion ,  which in f luence  t h e  a b i l i t y  

t o  achieve t h e  above output  ob jec t ives .  P a r t  Twelve p resen t s  copies  of 

t h e  v i s u a l  a i d s  used i n  t h e  i n i t i a l  ADL b r i e f i n g  given t o  t h e  se ismic  

consu l t an t s  regarding t h e  r e l evan t  background, ground r u l e s ,  major prob- 

lem components, and i d e n t i f i c a t i o n  of s p e c i f i c  t a sks  t o  be addressed; and 

those  used i n  t h e  ADL o r a l  p re sen ta t ion  of r e s u l t s  of t h i s  s tudy t o  PMSRC. 

The authorship  of each P a r t  i s  designated t o  appropr i a t e ly  acknowledge t h e  

major con t r ibu t ions  of each se ismic  consu l t an t .  Consultant F. Crowley 

a l s o  provided key a s s i s t a n c e  t o  ADL i n  i t s  r o l e  of o v e r a l l  d e f i n i t i o n ,  

coordina t ion ,  and i n t e g r a t i o n  of t h e  s tudy e f f o r t  w i th in  t h e  compressed 

time schedule.  The fol lowing s e c t i o n s  of t h i s  P a r t  b r i e f l y  summarize 

t h e  p r i n c i p a l  f ind ings  and conclusions of t he  s tudy regarding t h e  main 

ob jec t ives  of d e t e c t i o n  and l o c a t i o n  of i s o l a t e d  miners.  These f ind ings  

and conclusions a r e  supported i n  t h e  subsequent P a r t s  of t h i s  Volume. 
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TABLE 2 TASK AREAS 

PARAMETER ESTIMATION LOCATION 

* 
EFFECTIVE 

UTII$ZATION FIELD 
' 

SIGNAL SOURCES 
Fn o f :  Type 

: Man 
: Impact Area 
: Tunnel 

TRANS. MEDIUM. 
CH ARAC . 

Fn o f :  Layers 
(Type, Thick, 

Angle, etc . )  

NOISE 
Fn o f :  Sources 
- Sig. Induced 
- Rescue Sources 
- Basic Bgrd. 
- A1 te red  Mine 
- Message 
- System 

I 

SENSORS 
Fn o f :  Depth 

: Coupling 

S I GNAL PROCESSING 

DATA PROCESS1 NG 
AND COMPUTATION 

OUTPUT 
I 

COMPONENTS 
BJECTIVE 11 DETECT1 ON 

MAJOR INPUT 

a Strength  
a D i r e c t i o n a l  and 

Coherence Charac. 
a Pulse Shape 
a Rep. Rate 

a At tenuat ion  
a Signal Mod i f i ca t i on  

- Freq. Response 
- Time Domain 
- Spa t ia l  Coh. 

a Spectrum Levels 
a Time Charac. 
i .e. S t a t i o n a r i  t y  

Impul s i  veness 
a Spa t ia l  Coherence 
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11. SUMMARY OF RESULTS 

A.  DETECTION OF A MINER 

A su r face  deployed se ismic  system u t i l i z i n g  conventional s ignal- to-  

no i se  r a t i o  improvement techniques can provide t h e  c a p a b i l i t y  of de t ec t -  

i n g  miners s i g n a l i n g  wi th  timber o r  s ledge  sources ,  t o  s l a n t  ranges on 

t h e  o rde r  of 1000 f e e t ,  under most n a t u r a l  se ismic  no i se  condi t ions  i n  

which no man-made no i se  sources a r e  p resen t .  Under such no i se  condi t ions ,  

t hese  ranges should allow more than adequate coverage of t y p i c a l  mine 

s e c t i o n s .  However, t o  ob ta in  these  no i se  condi t ions ,  su r face  rescue 

opera t ions  and a c t i v i t y  i n  t h e  v i c i n i t y  of t h e  de tec t ion  a r e a  must b e  

s e v e r e l y r e s t r i c t e d  and poss ib ly  p roh ib i t ed .  This may n o t  be compatible 

wi th  present  mine rescue opera t ions .  Though more experimental n o i s e  

d a t a  must be  obtained and analyzed be fo re  d e f i n i t i v e  es t imates  can be 

made of t h e  reduced de tec t ion  ranges i n  t h e  presence of man-made no i se  

of t h e  type and l e v e l  p re sen t  during uncont ro l led  rescue opera t ions ,  i t  

is  h igh ly  l i k e l y  t h a t  t h e  presence of such no i se  w i l l  make t h e  de tec t ion  

of a s i g n a l i n g  miner impossible wi.th a su r face  se ismic  system. 

The dependence of  de t ec t ion  range on t h e  type of s i g n a l i n g  source 

and on t h e  l e v e l s  of n a t u r a l l y  occurr ing  se ismic  no i se  i s  shown i n  Figure 1. 

Figure 1 dep ic t s  t h e  v a r i a t i o n  of received s i g n a l  s t r e n g t h  wi th  type of 

source and s l a n t  range above t h e  source ,  derived from d a t a  taken a t  

s e v e r a l  mines. The h o r i z o n t a l  l i n e s  denote s i g n a l  de t ec t ion  thresholds  

f o r  t h r e e  r e p r e s e n t a t i v e  n a t u r a l  no i se  condi t ions ,  wi th  and without  t h e  

b e n e f i t  of a conservat ive 10 dB improvement i n  s ignal- to-noise r a t i o .  

These n a t u r a l  n o i s e  condit ions a r e  based on published d a t a  taken a t  

s e v e r a l  l oca t ions  o t h e r  than above mines. Only a l i m i t e d  sample of 

s u i t a b l e  no i se  d a t a  taken above mines a t  q u i e t  times was a v a i l a b l e  f o r  

comparison. These no i se  l e v e l s  a t  mines were n o t  i n c o n s i s t e n t  wi th  t h e  

more comprehensive n a t u r a l  no i se  da ta  used. 
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FIGURE 1 COMPOSITE PLOT FOR ESTIMATING DETECTION RANGES 
UNDER NATURAL NOISE CONDITIONS* 

\ (Based on Experimental Data) 
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Detect ion ranges a r e  obtained by not ing  the  i n t e r s e c t i o n  of t h e  

s i g n a l  curves with t h e  corresponding de tec t ion  thresholds  of i n t e r e s t  i n  

Figure 1. Noise l e v e l s  and corresponding de tec t ion  thresholds  f o r  un- 

con t ro l l ed  rescue opera t ions  a r e  expected t o  f a r  exceed those  f o r  t h e  

very high n a t u r a l  n o i s e  condi t ion ,  thereby d r a s t i c a l l y  reducing de tec t ion  

ranges t o  unacceptable l e v e l s .  Table 3 presen t s ,  f o r  convenient r e fe rence ,  

a  summary of de t ec t ion  ranges derived from t h e  curves of Figure 1. Table 4 

summarizes those  s ignal- to-noise improvement techniques judged most and 

l e a s t  u s e f u l  f o r  d e t e c t i n g  and l o c a t i n g  i .solated miners.  

To improve these  de tec t ion  range e s t ima tes  and t o  b e t t e r  eva lua te  

t h e  u t i l i t y  of t h e  s ignal- to-noise improvement techniques i d e n t i f i e d  a s  

most u s e f u l ,  a  s e r i e s  of  c a r e f u l  se ismic  no i se  and s i g n a l  s t r e n g t h  

measurements should be performed i n  Eas tern  coa l  mining regions by f i e l d  

crews well-experienced i n  se ismic  and geophysical f i e l d  work. This work 

should be supported by t h e o r e t i c a l  analyses t o  b e t t e r  understand t h e  

genera t ion  and propagation behavior  of s i g n a l s  produced by p r a c t i c a l  

s i g n a l i n g  sources  a v a i l a b l e  t o  miners during emergencies i n  coa l  mines. 

Deta i led  t rea tments  on de tec t ion  ;ange e s t ima t ion  and signal- to-noise 

improvement techniques a r e  found i n  P a r t s  Two and Ten, r e spec t ive ly .  

B. LOCATION OF A MINER 

The above descr ibed  d e t e c t i o n  process,  be ing  inhe ren t ly  l i m i t e d  t o  

s l a n t  ranges on t h e  o rde r  of 1000 f e e t ,  i n  i t s e l f  provides a  coarse loca- 

t i o n  of a  t rapped miner t h a t  i n  many cases may be s u f f i c i e n t  t o  d i r e c t  t h e  

e f f o r t s  of a  rescue team. However, should g r e a t e r  accuracy be  requi red ,  

l o c a t i o n  of a  miner t o  wi th in  a  s e c t i o n  is  a r e a l i s t i c  ob jec t ive .  I n  

f a c t ,  l o c a t i o n  accurac ies  t o  wi th in  100 f e e t  f o r  miners down t o  depths 

of 1000 f e e t  appear a t t a i n a b l e  wi th  s u r f a c e  deployed systems, b u t  only 

when t h e  requi red  condi t ions  a r e  met. Namely, when an adequate se ismic  

r ep resen ta t ion  (model) of t he  e a r t h  beneath t h e  su r face  se ismic  system 

is a v a i l a b l e ,  t he  depth of t h e  miner i s  known from a good mine map, and 

a s  i n  t h e  case  of de t ec t ion ,  t h e  su r face  rescue  opera t ion  and a c t i v i t y  
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TABLE 3 
MAXIMUM SLANT RANGES (In Feet) FOR DETECTION-UNDER 

NATURAL NOISE CONDITIONS** 

* W/O - SIN I = Without 10dB Signal-to-Noise lmprovement 
W - SIN 1 = With 10dBSignal-to-Noise lmprovement 

"* No obvious manmade noise sources 

Source 

Strong 
Thumper 

Strong 
Timber 
Sledge 

Weak 

Timber 
Sledge 

High Noise Low Noise 
I' 

I 

W/O-SIN I 
1400 

WIO-SIN I * 
>2OOO 

>2000 
> 1 500 

1100 
900 

W-SIN 1 
>2000 

W-SIN I 
>2000 

>2000 
>2000 

>I500 
>I400 

d 

1050 
900 

550 
450 

J 

Very High Noise 

1050 
900 

550 
450 

WIO SIN 1 
950 

W-SIN I 
1400 

>I 500 
1250 

650 
550 

375 
300 

800 
625 

d 

1 



Table 4 

SIGNAL-TO-NOISE IMPROVEMENT TECHNIOUES 

Most Useful 
For Detection For Arrival Time Estimation 

. Bandpass Filtering 
Burial of Sensors 
Subarrays: 

- size optimization 
- delayed or direct sum 
- weighted sum 

Least Useful 

Same as for Detection 
. Summing (Stacking) of 

Repeated Signals 

For Detection and Arrival Time Estimation 

Remode Processing 
Linear Phase Filtering of Multicomponent Data 

. Matched Filtering 
Multichannel Maximum Likelihood Array Processing 
Multichannel Wiener Filtering 
Single and Multichannel Prediction Error Filtering 
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i n  t h e  v i c i n i t y  of t h e  l o c a t i o n  a r e a  has  been seve re ly  r e s t r i c t e d  and 

poss ib ly  p r o h i b i t e d ,  which aga in  may n o t  be compatible w i th  p re sen t  

rescue ope ra t i ons .  Indeed,  f o r  accu ra t e  miner l o c a t i o n ,  s i g n a l s  w i l l  

have t o  be  rece ived  on s e v e r a l  seismometers surrounding t h e  miner ' s  

l o c a t i o n ,  and s ignal- to-noise  r a t i o s  w e l l  i n  excess  of those  f o r  

d e t e c t i o n  w i l l  a l s o  b e  r equ i r ed  t o  adequately e s t ima te  t o  s u f f i c i e n t  

accuracy t h e  s i g n a l  a r r i v a l  t imes needed f o r  computing l o c a t i o n  coor- 

d i n a t e s .  S p e c i f i c a l l y ,  the  above e s t i m a t e  of l o c a t i o n  accuracy a p p l i e s  

on ly  t o  f avo rab l e ,  c o n t r o l l e d  cond i t i ons :  

. when t h e  s i g n a l s  a r e  s t r o n g  enough t o  a l low a r r i v a l  t imes 
t o  be  measured t o  w i t h i n  1-5 mi l l i s econds ,  and 

. when t h e  e a r t h  a t  t h e  l o c a l  mine s i t e  can be  adequately 
represen ted  by a  s e t  of  l a t e r a l l y  homogenous h o r i z o n t a l  
l a y e r s  w i th  d i f f e r e n t  se i smic  v e l o c i t i e s ,  and t h e s e  par- 
ameters can be  s p e c i f i e d  t o  w i t h i n  about 5% by r e f r a c t i o n  
surveys from t h e  s u r f a c e .  

Though a v a i l a b l e  geo log ica l  in format ion  tends  t o  support  t h e  reasonable-  

ness  of  t h e  type  of se i smic  e a r t h  model assumed, d a t a  from r e f r a c t i o n  

surveys performed d i r e c t l y  over  r e p r e s e n t a t i v e  c o a l  mines,  t o g e t h e r  w i th  

c o n t r o l l e d  l o c a t i o n  experiments u s ing  s t r o n g  s i g n a l  sou rces ,  a r e  s t i l l  

needed t o  confirm t h e  gene ra l  a p p l i c a b i l i t y  of t h i s  k ind  of  model. 

Figure 2 is  an example of t h e  l o c a t i o n  e r r o r  contour  maps generated 

dur ing  t h e  s tudy  t o  form a  b a s i s  f o r  drawing conclusions on a t t a i n a b l e  

l o c a t i o n  accuracy wi th  su r f ace  s e i smic  a r r a y s .  These contours  a r e  based 

on an e r r o r  a n a l y s i s  app l i ed  t o  t h e  we l l - e s t ab l i shed  l o c a t i o n  method of 

non- l inear ,  l e a s t  squares  i t e r a t i v e  i nve r s ion .  The contours  i n  each 

square  r ep re sen t  t h e  es t imated  s t anda rd  l o c a t i o n  e r r o r s  i n  x ,  y ,  and z 

(one s t anda rd  dev ia t i on ,  o , of a  normal d i s t r i b u t i o n )  f o r  a  source  s o  

l o c a t e d  r e l a t i v e  t o  t h e  a r r a y  geometry. 

The l o c a t i o n  r e s u l t s  i n d i c a t e  t h a t  e a r t h  model e r r o r s  of  5% w i l l  b e  

t h e  dominant c o n t r i b u t o r s  t o  miner l o c a t i o n  e r r o r s  when a r r i v a l  t ime 

e r r o r s  f a l l  between 1-5 mi l l i s econds ,  b u t  t h a t  a r r i v a l  t ime e r r o r s  become 

t h e  major c o n t r i b u t o r s  and s e r i o u s l y  degrade l o c a t i o n  accuracy when t h e s e  
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FIGURE 2 EXAMPLE OF LOCATION ERROR CONTOUR MAPS 
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t iming  e r r o r s  reach  15-20 mi l l i seconds .  E r ro r s  of t h i s  magnitude can be  

introduced by low signal- to-noise  r a t i o s  and by t h e  v a r i a b l e  t h i cknes s  of 

low-velocity weathered l a y e r s  under d i f f e r e n t  seismometers i n  t h e  l o c a t i o n  

a r r a y .  Hence i t  i s  important  t o  account f o r  such sources  of l a r g e  t iming 

e r r o r s  i n  t h e  f i e l d .  

The f u r t h e r  o b j e c t i v e  of d i r e c t l y  l o c a t i n g  a  s i g n a l i n g  miner t o  

w i t h i n  an e n t r y  width w i th  a  s u r f a c e  s e i smic  system appears  t o  be  an un- 

r e a l i s t i c  goa l .  Only under t h e  most favorab le  bu t  improbable c i rcumstances,  

namely, n o i s e  cond i t i ons  s i m i l a r  t o  o r  b e t t e r  than those  descr ibed  above, 

and an even more accu ra t e  r e p r e s e n t a t i o n  of t h e  e a r t h  o r  shal lower mine 

depth (300 f e e t  o r  l e s s ) ,  do l o c a t i o n  accu rac i e s  of about 30 f e e t  appear 

a t t a i n a b l e .  With t h e  a i d  of a  good mine map, t h e s e  accu rac i e s  could al low 

t h e  s u r f a c e  team t o  i d e n t i f y  t h e  e n t r y  i n  which t h e  miner is  l o c a t e d .  

However, t h e  only method t h a t  i s  l i k e l y  t o  produce accu rac i e s  of  t h i s  

o rde r  i n  p r a c t i c e  is  a  more c o s t l y  r e f e r ence  event  method. This  method 

r e l i e s  on t h e  p r i o r  c a l i b r a t i o n  of t h e  s e i s m i c - p r o p e r t i e s  of t h e  e a r t h  

over  t h e  mine by i n i t i a t i n g  and record ing  se i smic  r e f e r ence  even t s  on a  

r e g u l a r  p e r i o d i c  b a s i s .  D e t a i l e d . t r e a t m e n t s  of  t h e  l o c a t i o n  a lgor i thms  

examined i n  t h i s  s t udy ;  namely, non-l inear  l e a s t  squares  i t e r a t i v e  

i nve r s ion ,  Westinghouse program "Miner", and r e f e r ence  even t s ,  t oge the r  

wi th  t h e  sugges t ion  of even more advanced algori thms t h a t  a l low i t e r a t i v e  

improvement of t h e  e a r t h  model a s  w e l l  a s  t h e  p red i c t ed  l o c a t i o n ,  a r e  

found i n  P a r t s  Three,  Four,  Five and Seven. 

C.  FIELD UTILIZATION 

The n a t u r e  of mine emergencies,  t h e  experience gained wi th  t h e  

p re sen t  i n t e r i m  se i smic  l o c a t i o n  system, and app l i cab l e  exper ience  of  

our  c o n s u l t a n t s  r e l a t e d  t o  t h e  deployment of sma l l ,  h igh ly  mobile,  oper- 

a t i o n a l  s e i smic  teams, l e a d  t o  s e v e r a l  gu ide l ines  and recommendations 

regard ing  the  f i e l d  u t i l i z a t i o n  of t h e  s e i smic  equipment and t h e  compo- 

s i t i o n  of t h e  s e i smic  team. The se i smic  system should be t r a n s p o r t a b l e  

and deployable  i n  va r ious  con f igu ra t i ons ,  depending on t h e  mine l o c a t i o n  

and on t h e  needs of  t h e  d e t e c t i o n  and/or  l o c a t i o n  ope ra t i ons .  The range 
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of f i e l d  requirements extend from t h e  need f o r  simple de tec t ion  processes 

i n  q u i e t  remote l o c a t i o n s ,  t o  complex de tec t ion  and l o c a t i o n  processes 

i n  a r e a s  of r e l a t i v e l y  easy access  wi th  unfavorable no i se  environments. 

Therefore,  t h e  system should be  configured i n  modular form t h a t  

allows deployment i n  phases. For example, on n o t i f i c a t i o n  of a  mine 

emergency, t h e  i n i t i a l  deployment could inc lude  only a  simple po r t ab le  

de t ec t ion  system capable of be ing  e a s i l y  t ranspor ted  by commercial o r  

p r i v a t e  a i r c r a f t ,  automobile,  o r  a  smal l  t ruck  t o  t h e  mine, and back- 

packed t o  s p e c i f i c  l o c a t i o n s  over  t h e  mine workings i f  necessary.  This 

simple de tec t ion  system would be  composed of a  smal l  a r r a y  subsystem, 

an a r r ay  c o n t r o l  u n i t ,  an osc i l l o scope ,  and poss ib ly  a  mult ichannel  

s t r i p  cha r t  recorder .  These u n i t s  a r e  s u f f i c i e n t  t o  ob ta in  no t  only 

i n i t i a l  de t ec t ion  of miners,  b u t  a l s o  f i r s t - o r d e r  l o c a t i o n  of t hese  

miners i n  t h e  v i c i n i t y  of t h e  s i t e s  chosen f o r  i n i t i a l  i n v e s t i g a t i o n .  

A more comprehensive, e a s i l y  t r anspor t ab le ,  van processing c e n t e r  and 

a d d i t i o n a l  subsystems could be  deployed s h o r t l y  t h e r e a f t e r ,  o r  a s  re- 

qui red  by t h e  p a r t i c u l a r  emergency s i t u a t i o n .  

The equipment must be  made simple,  weather t i g h t ,  rugged, modular, 

and temperature i n s e n s i t i v e .  I n  add i t ion ,  because t h e  l o c a t i o n  of miners 

r equ i re s  c a l i b r a t e d  s i g n a l s  and t e s t  and r e p a i r  f a c i l i t i e s  may no t  be  r e a d i l y  

a v a i l a b l e ,  c a l i b r a t i o n  and check-out of t h e  system must be  easy t o  do on s i t e .  

Since power may n o t  be a v a i l a b l e ,  b a t t e r y  opera t ion  is a must f o r  t h e  

po r t ab le  f i e l d  equipment. Furthermore, because emergency condi t ions  re- 

qu i r e  quick response, n o t  only must t h e  equipment be  quickly  and e a s i l y  

deployable a t  t h e  s i t e ,  b u t  speed i n  the  a c q u i s i t i o n  and processing of 

t h e  se ismic  d a t a  is  e s s e n t i a l  once t h e  system has been deployed. Indeed, 

o v e r a l l  p rocess ing  times of received d a t a  should be  measured i n  minutes 

r a t h e r  than  hours .  Table 5 summarizes some of t h e  important hardware 

requirements f o r  a  f l e x i b l e ,  f i e l d a b l e  se ismic  de tec t ion  and l o c a t i o n  

system. These requirements can be met by appropr i a t e ly  i n t e g r a t i n g  and 

packaging p resen t  off- the-shelf  components and equipment. 
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Table 5 

HARDWARE REQUIREMENTS FOR SEISMIC DETECTION/LOCATION SYSTEM 

Compact l igh t -weight ,  rugged, modular, proven hardware 
Simple and e a s i l y  deployable  
Combination v e r t i c a l  seismometer /amplif ier  u n i t  capable  
of b u r i a l  
Water proof non-ambiguous cab l ing  and a r r a y  c o n t r o l  u n i t  
Seismometer c a l i b r a t i o n  device 
12-channel t ape  recorder  
Multichannel hard-copy-output recorder  
Accurate ,  recoverab le  time codes on t ape ,  o r  paper output  
Continuous t ime r e f e r ence  on t ape ,  o r  paper ou tput  
S e l e c t a b l e  time base d i sp l ays  
Var iab le  f i l t e r i n g  and ga in  
Ba t t e ry  opera t ion  o f  p o r t a b l e  subsystems 
Radio communication f o r  crew 
Tools 
Van process ing  cen t e r  wi th  d i s k  pack and mini-computer 

The f i n a l  e s s e n t i a l  element r equ i r ed  t o  ensure t h e  s u c c e s s f u l  u t i l i -  

z a t i o n  of t h e  system during a  mine emergency is t h e  composition and 

exper ience  of t h e  se i smic  team. The minimum requirement i s  a  three-man 

cadre  t h a t  is t r a i n e d  t o  work toge the r  under such emergency cond i t i ons ,  

be ing  completely f a m i l i a r  with a l l  a s p e c t s  of t h e  system and i t s  opera- 

t i o n  and each o t h e r s  d u t i e s .  This  cadre  should i nc lude  an ope ra to r / ana lys t  

an e l e c t r i c a l  t e chn ic i an ,  and a f i e l d  t echn ic i an .  The ope ra to r / ana lys t  

w i l l  be  t h e  team ch ie f  and should a l s o  be an experienced geophysical  

engineer .  This  cadre  would u t i l i z e  a d d i t i o n a l  bu t  inexperienced mine 

personnel  a t  t h e  s i t e  t o  exped i t e  deployment of t h e  system. The key man 

of t h i s  cad re  i s  t h e  team ch ie f  who should a l s o  b e  a  mature i nd iv idua l  

who is  thoroughly f a m i l i a r  wi th  mining ope ra t i ons  and p r a c t i c e s ,  can 

i n t e r f a c e  e f f e c t i v e l y  w i th  t h e  o v e r a l l  resuce  coo rd ina to r s ,  and success-  

f u l l y  d i r e c t  t h e  se i smic  d e t e c t i o n / l o c a t i o n  opera t ion  i n  t h e  f a c e  of con- 

fu s ion  and poss ib ly  c o n f l i c t i n g  rescue  requirements .  Deta i led  t rea tment  

of t h e  ins t rumenta t ion  and i t s  f i e l d  u t i l i z a t i o n  requirements  w i l l  be  

found i n  P a r t s  S ix  and Eleven. 
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I1 I. CONCLUDING REMARKS 

A s  s t a t e d  i n  t h e  Purpose and Approach Sec t i on  of t h i s  P a r t ,  t h e  

purpose of t h i s  s t udy  w a s  t o  p rov ide  r e s u l t s  t o  he lp  t h e  Bureau of Mines 

i n  t h e  formula t ion  of f u t u r e  p o l i c y  and p l ans  of  a c t i o n  r e l a t e d  t o  t h e  

d e t e c t i o n  and l o c a t i o n  of  i s o l a t e d  miners by t h e  a p p l i c a t i o n  of  s e i smic  

methods. I n  t h i s  regard ,  an a d d i t i o n a l . q u e s t i o n  was posed by t h e  Bureau, 

f o r  cons ide ra t i on  by t h e  ADL se i smic  team du r ing  t h e  course  of t h i s  t a sk .  

Namely, which of t h e  fo l lowing  a l t e r n a t i v e  courses  of a c t i o n  appear  t o  be 

most f e a s i b l e  and a p p r o p r i a t e  a t  t h i s  t ime: 

Abandon t h e  se i smic  system and r e l y  on e lec t romagnet ic  
o r  o t h e r  methods? 

Change t h e  performance requirements  of t h e  s e i smic  system - 
f o r  example, by only r e q u i r i n g  p o s i t i v e  l o c a t i o n  t o  w i t h i n  
t h e  dimensions of a working s e c t i o n ?  

Improve t h e  system and s e i smic  methods employed? 

F igure  3 summarizes t h e  t h r e e  a l t e r n a t i v e s  and t h e  corresponding ADL 

responses  i n  a g raph i c  format .  Expansions on t h e s e  responses  fo l low.  

No, i t  would n o t  be  a p p r o p r i a t e  t o  abandon se i smic  d e t e c t i o n  and 

l o c a t i o n  methods a t  t h i s  t ime,  i n  s p i t e  of t h e i r  shortcomings.  U n t i l  

v i a b l e  e l ec t romagne t i c  miner l o c a t i o n  equipment is  developed, produced i n  

q u a n t i t y ,  and u t i l i z e d  by t h e  mining i n d u s t r y ,  s e i smic  methods s t i l l  

remain t h e  on ly  means p r e s e n t l y  a v a i l a b l e  f o r  d e t e c t i n g  t h e  presence  of 

l i v e  s i g n a l i n g  miners and determining t h e i r  l o c a t i o n  from t h e  s u r f a c e .  

Yes, i t  i s  d e f i n i t e l y  f e a s i b l e  and a p p r o p r i a t e  t o  change t h e  per-  

formance requirements  f o r  a s e i smic  system, p a r t i c u l a r l y  regard ing  t h e  

r equ i r ed  accuracy  of l o c a t i o n .  Locat ion accu rac i e s  t o  w i t h i n  one o r  two 

c o a l  p i l l a r s ,  and even t o  w i t h i n  dimensions of a working s e c t i o n ,  when 

used i n  conjunc t ion  w i th  a good mine map, w i l l  be  extremely v a l u a b l e  and 

i n  many c a s e s ,  be more t han  s u f f i c i e n t  t o  d i r e c t  t h e  e f f o r t s  of bo th  i n -  

mine rescue  teams and s u r f a c e  d r i l l i n g  crews. However, i t  should be  

remembered t h a t  r e scue  ope ra t i ons  and a c t i v i t y  i n  t h e  v i c i n i t y  of t h e  

l o c a t i o n  area may have t o  be  s e v e r e l y  r e s t r i c t e d ,  and p o s s i b l y  p r o h i b i t e d  

t empora r i l y ,  t o  ach ieve  t h e s e  l o c a t i o n  r e s u l t s .  
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FIGURE 3 ALTERNATIVES 

REQUIREMENTS? 

Arthur D Little, Inc 



Yes, it is definitely required, feasible, and appropriate to improve 

the system and seismic methods employed to detect and locate isolated 

miners. However, the type and extent of these improvements need to be 

determined by the Bureau in the context of its overall plans and associated 

time frames related to its miner location programs. In this regard, the 

Bureau will find that some quick-fix and minor improvements will be suited 

to 3-6 month schedules, while others that are major or that require addi- 

tional fundamental investigations may require schedules of 1 to 3 years. 

Each of the improvements referred to above will require investments 

of one kind or another that will impact on both cost and performance. 

Table 6 briefly summarizes the expected impact on system performance and 

cost for several possible kinds of investments. Finally, in order to more 

accurately estimate the performance limits and potentials of seismic miner 

detection and location systems, further investigations are still required 

to characterize the following items in a more quantitative manner: 

a Seismic signals from sources available to miners. 

a Seismic noise in coal mine regions. 

a Seismic propagation attributes of coal mine overburdens. 

These investigations will be largely based on experimental work in the 

field." Several of these are described in more detail in the body of this 

Volume. 

* Selected improvements in the seismic system hardware have since been 
made by PMSRC, and experimental investigations related to the above 
three areas have been conducted by Continental Oil Co. for the Bureau 
of Mines under Contract H0133112. 
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Table 6 

EXPECTED IMPACT OF INVESTMENTS 
ON SYSTEM PERFORMANCE AND COST 

IMPACT 
of 

t 
on -+ 

Truly F i e ldab le  Hardware 

Trained Experienced 
F i e ld  Crews 

S i t e  Pre-Cal ibrat ion 
Prepara t ion*  

Improved Seismic 
Ear th  Models* 

Conventional S /N  
Enhancement Methods 

Soph i s t i ca t ed  S/N 
Enhancement Methods 

Con t ro l l i ng  S i t e  Man- 
Made Noise 

Improving 
Overa l l  

Performance 

High 

High 

High 

High 

High 

Low 

High 

Inc reas ing  
Overa l l  

Cost 

Low 

Moderate 

High 

Low 

Low 

High 

Low 

* Applicable  mainly t o  miner l o c a t i o n ,  a s  opposed t o  miner 
d e t e c t i o n  and l o c a t i o n .  
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